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Thesis Overview                                           Chapter 1 
1.1 Introduction 
A variety of approaches for the synthesis of polymer architectures such as block, graft, 
star polymers and dendrimers are being developed by researchers in view of distinctive 
properties offered by these materials vis a vis random copolymers (Wohlrab et. al. 2001, 
Ito et. al. 1983). Graft copolymers containing hydrophobic and hydrophilic micro 
domains exhibit a variety of morphologies such as micelles and vesicles, which as 
carriers improve solubility, stability and bioavailability of drugs (Lo et. al. 2007). They 
are also used as compatibilizer to improve the mechanical properties of the polymers 
and as stabilizers during the synthesis of microspheres and microreactors.  
For the synthesis of graft copolymers ‘Grafting through’ which involves the 
copolymerization of macromonomers with vinyl monomers is preferred over generating 
a radical on the polymer backbone followed by grafting the vinyl monomer on the 
backbone (Joshi et. al. 2007). Macromonomers can be prepared by a two step synthesis 
involving polymerization in the presence of functional initiators and functional chain 
transfer agents followed by the condensation of a methacryloyl unit with the end group 
(Yamashita et. al. 1982, Akashi et. al. 1989). A single step synthesis is obviously 
desirable.  
Hydrogels are another class of materials which have applications in personal hygiene 
products, drug delivery, sensors etc. Generally these are prepared by copolymerization 
of water soluble monomers in the presence of crosslinkers such as methylene bis 
acrylamide (MBAM) and glutaraldehyde. It is known that traces of these unreacted 
monomers and crosslinkers left in the product are toxic and therefore the biological 
applications of these polymers are restricted. The unreacted monomer and crosslinker 
need to be removed completely from the gel network in an independent step. 
Stimuli-responsive polymers, which undergo dissolution / degradation in response to 
environmental changes have been extensively investigated for biomedical applications 
especially in drug delivery. The stimulus could be pH (Hruby et. al. 2005, Lang et. al. 
2006), UV light irradiation frequency (Ozlem et. al. 2004), temperature (Junya et. al. 
2005) and reducing agent concentration (Zelikin et. al. 2006, Kakizawa et. al. 2001). 
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Biodegradable polymers in general and hydrogels in particular are widely used in a 
wide variety of therapeutic applications including tissue engineering (Langer and 
Vacanti 1993, Cohen 1993) and pharmaceutical applications such as controlled drug 
release (Kwon et. al. 2007, Peppas et. al. 1999, Vinogradov et. al. 2002). Gels can be 
degraded when crosslinked with degradable agents. The disulfide group is an example 
of biodegradable group which can be cleaved in the presence of reducing agents such as 
nucleophiles, electrophiles or photochemically. Some of the examples of reducing agent 
are dithiothreitol (DTT), glutathione (GSH), L-cysteine (Cys) and so on (Kakizawa Y. 
et. al. 1999, Li et. al. 2006, Lees et. al. 1993, Hisano et. al. 1998). 
Reduction-sensitive biodegradable polymers are characterized by an excellent stability 
in the circulation and in extracellular fluids, whereas they undergo rapid degradation 
under a reductive environment present in intracellular compartments. The large 
difference in glutathione concentration between the intracellular and extracellular 
milieu can be exploited for triggered intracellular delivery of a variety of bioactive 
molecules. These polymers can be synthesized by incorporating disulfide linkage in the 
main chain, at the side chain or in the cross-linker.  
This research describes two classes of water soluble copolymers synthesized using 
supramolecular chemistry of cyclodextrin. The graft copolymers of the first group 
comprise hydrophilic and / or hydrophobic grafts and pH sensitive segments. These 
copolymers exhibit pH dependent slow dissolution as compared to random copolymers 
of identical composition which dissolve instantaneously. The copolymers were 
synthesized from the macromonomers containing terminal unsaturation which in turn 
were obtained by the polymerization of monomers in the presence of host-guest 
complexes of cyclodextrin (CD) and α methyl styrene dimer (AMSD) which retained 
addition fragmentation chain transfer activity of the latter.  
The copolymers of the second group are water soluble comprising pendant unsaturation 
and can be subsequently crosslinked either thermally or photochemically to obtain 
hydrogels. These copolymers were obtained from the inclusion complex (IC) of the 
crosslinker containing disulfide bonds where the complexation allows the 
polymerization of only one vinyl unsaturation while the other remains encapsulated 
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inside the CD cavity. In the second stage, the pendant unsaturation was crosslinked to 
obtain drug loaded nanogels. As the copolymers used for crosslinking are free from any 
unreacted monomer and crosslinker, the monomer and crosslinker toxicity can be 
avoided. Yields of drug loaded nanogels are enhanced and the release profile can be 
manipulated by the concentration of the disulfide containing crosslinker and reducing 
agent.  
CD forms host – guest complexes with a variety of organic compounds and polymers. 
CD is a cyclic oligosaccharide composed of six (α), seven (β) or eight (γ) 
glucopyranose ring units, which are joined together through α (1–4) linkage forming 
torus shaped ring structure (Ritter and Tabatabai 2002). The primary hydroxyl groups of 
glucose ring are exterior to the cavity, which make it soluble in water whereas the 
hydrophobic interior cavity facilitates the formation of an inclusion complex by 
hydrophobic interactions. The ability of CD to form IC and hence suppression of the 
reactivity has been exploited in highly selective organic synthetic procedures. However, 
controlling the reactivity of the addition fragmentation chain transfer (AFCT) agent and 
crosslinker is not yet reported. 
AFCT is being explored for the synthesis of macromonomers in view of the high 
reactivity of the chain transfer agents towards propagating radicals. Amongst various 
AFCT agents based on oligomers of α methyl vinyl monomers, AMSD has been found 
to be particularly efficient (Yamada et. al. 2004). Since AMSD is hydrophobic, the 
technique is primarily restricted to macromonomers soluble in organic solvents. Thus, 
there is a need to synthesize either new water–soluble AFCT agent, which can impart 
terminal unsaturation or to modify the existing AFCT agents so that they can be used in 
polymerizations in aqueous media. Prior research efforts (Hirano 2003, McHale 2005) 
reveal that incorporation of bulkier substituents in the monomer as well as the chain 
transfer agent results in higher addition fragmentation efficiency and enhanced terminal 
unsaturation content.  
If AMSD formed an IC with CD derivatives, the increase in steric hindrance would lead 
to enhanced addition fragmentation efficiency and macromonomers of methyl 
methacrylate (MMA) having terminal unsaturation could be obtained. Further, if the IC 
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were water soluble, it could be further used to synthesize water–soluble 
macromonomers. We found that inclusion complexation of AMSD with β–CD leads to 
increase in addition fragmentation chain transfer efficiency during the polymerization of 
MMA. Further, complexation with dimethylated β–cyclodextrin (DM–β–CD) enhanced 
the solubility of AMSD in water and enabled the synthesis of macromonomers of 2-
dimethyl amino ethyl methacrylate (DMAEMA), acrylamide (AM), N–vinyl 
pyrrolidone (NVP) and methacrylic acid (MAA) in aqueous medium. The 
macromonomers were further copolymerized with pH sensitive monomers to yield graft 
copolymers. 
The control of the reactivity of divinyl monomers so as to form water soluble polymers 
comprising pendant unsaturation through inclusion complexation of CD is not yet 
reported in the literature. Ritter et. al. have reported the CD inclusion complexes to 
enhance the solubility of hydrophobic molecules or as emulsifier in the emulsion 
polymerization of acrylates. 
In the present investigation, CD ICs were used to control the reactivity of the 
crosslinker during polymerization to yield water soluble copolymers comprising 
pendant unsaturation. Crosslinker forms an inclusion complex with the cyclodextrin so 
that only one unsaturation site is exposed to polymerization while other remains 
entrapped in the cavity yielding water–soluble polymers. The polymerization of 
crosslinkers with vinyl monomers through supramolecular inclusion complex approach 
enables removing the traces of the unreacted crosslinkers in the first stage i.e. prior to 
crosslinking. The water–soluble copolymers obtained by this approach contain pendant 
unsaturation which can be used to yield drug loaded nanogels. When biodegradable 
crosslinker are used for the synthesis of nanogels it gives burst release of drug in the 
presence of reducing agent; otherwise it gives the sustained release. The release can be 
manipulated by the concentration of the crosslinker and reducing agent. 
The chapter 2 highlights the objective and scope of the work carried out. The main 
objective of this study was to synthesize graft copolymers obtained from terminally 
unsaturated macromonomers and water soluble copolymers comprising pendant 
unsaturation exploiting supramolecular chemistry of CD.  
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For aqueous systems, AFCT agents which yield terminally unsaturated macromonomer 
in a single step are not yet reported. The literature review revealed that thiol 
functionalized macromonomers were synthesized in the first step which had then to be 
thermolyzed in the second step to obtain terminally unsaturated macromonomers. 
Hence, new water soluble AFCT agents which can yield terminally unsaturated 
macromonomers in a single step need to be developed. Alternatively, solubility of the 
existing AFCT agents in water has to be enhanced.  
The objective of this study was to synthesize inclusion complex of AMSD with DM–β-
CD which enhances its water solubility and enables its application in aqueous system to 
yield water soluble macromonomers in a single step. Yet another objective of the 
investigation was to synthesize macromonomers which have functionality (‘f’) close to 
unity and copolymerize with pH sensitive monomers to yield pH sensitive graft 
copolymers. 
Incorporation of bulkier substituents in the side chain enhances the addition 
fragmentation chain transfer efficiency of 2–substituted 1–allyl compounds. An 
objective of the study was also to study the influence of the complexation on the 
addition fragmentation chain transfer activity of AMSD during polymerization of MMA 
and to synthesize terminally unsaturated poly(MMA) macromonomers having ‘f’ close 
to unity. These macromonomers were further copolymerized to obtain pH sensitive 
graft copolymers. 
The traces of unreacted toxic crosslinker in the gel network restrict its use in biological 
applications such as drug delivery and enzyme immobilization. Thus, there is a need for 
a polymeric matrix which will be soluble in the first stage and can be crosslinked in the 
subsequent step. This has been achieved through inclusion complexation of the 
crosslinkers using cyclodextrin. It is possible to get rid off unreacted toxic crosslinker 
after polymerization is completed. The inclusion complexation of the crosslinker results 
in encapsulation of one of the vinyl unsaturation in CD cavity and hence suppresses its 
polymerization. Thus, IC comprising crosslinker and CD behaves as a monovinyl 
monomer and leads to water soluble polymer comprising pendant unsaturation. The 
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polymer containing pendant unsaturation further could be used to entrap drug or 
enzyme and then crosslinked to yield macro / nano particles. 
In view of the abovementionted limitations of the synthetic methodologies, the 
objectives of the proposed research work were 
1. Synthesis of AMSD–β–CD and AMSD–DM–β–CD complexes and their 
characterization using techniques such as FTIR, NMR, TGA and molecular modeling 
2. Chain transfer constant and functionality (‘f’) evaluation for AMSD, AMSD–β–CD 
and AMSD–DM–β–CD during the polymerization of MMA 
3. Synthesis of Poly (MMA) macromonomer having ‘f’ close to unity and composition 
determination by 1H NMR 
4. Copolymerization of Poly(MMA) macromonomer with pH sensitive vinyl monomers 
to yield graft copolymers 
5. Chain transfer constant and ‘f’ evaluation for AMSD–DM–β–CD during the 
polymerization of DMAEMA, AM, NVP and MAA in aqueous medium 
6. Synthesis of water–soluble macromonomers having ‘f’ close to unity viz: 
Poly(DMAEMA), Poly(AM), Poly(NVP) and Poly(MAA) using AMSD–DM–β–CD 
complex and their characterization for terminal unsaturation content by 1H NMR 
7. Copolymerization of Poly(AM), Poly(NVP) with pH sensitive vinyl monomers to 
yield graft copolymers 
8. Synthesis of inclusion complexes of crosslinker and their characterization by FTIR, 
NMR, XRD and molecular modeling 
9. Synthesis of copolymers containing pendant unsaturation from crosslinker inclusion 
complexes, their composition determination and thermal / photopolymerization 
10. Evaluation of copolymers containing pendant unsaturation for drug encapsulation  
The chapter 3 starts with a discussion on mechanism of AFCT, reaction conditions and 
the parameters affecting the addition fragmentation efficiency. Substitution is known to 
enhance the addition fragmentation chain transfer activity of 2-substituted 1-allyl 
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compounds. To evaluate the influence of the steric hindrance caused by CD on addition 
fragmentation chain transfer activity, AMSD was complexed with β-CD and DM-β-CD. 
AMSD forms a complex with β-CD and DM–β-CD as confirmed by various analytical 
techniques and molecular modeling simulations. The synthesis of AMSD–β-CD and 
AMSD-DM–β-CD IC and their structural characterization is discussed. The effect of 
steric hindrance on addition fragmentation chain transfer is discussed in chapter 4.  
In FTIR analysis, OH stretching of the glucose ring of CD showed a shift of -21 cm-1 
(3370 to 3349 cm-1) in AMSD-β-CD IC whereas in AMSD-DM–β-CD IC it was -24  
cm-1 (3408 to 3384 cm-1). The shift towards lower value indicated the disruption of 
intramolecular hydrogen bonding in native β-CD (C2-OH group of one glucopyranoside 
unit forms a hydrogen bond with C3-OH group of adjacent glucopyranose unit) and 
hence the insertion of AMSD inside the CD cavity.  
1H NMR analysis confirms that the stoichiometry of the complex is 1:1 and also that the 
two methyl groups of the cumyl ring of AMSD are in different environment. 500 MHz 
1H NMR of AMSD-β-CD and AMSD-DM–β-CD in D2O showed peak splitting for 
methyl protons of AMSD due to its inclusion inside the CD cavity. The separation for 
methyl signals was 24 Hz in case of AMSD-DM–β-CD while it was 3.9 Hz in case of 
AMSD-β–CD. The higher magnitude of separation in case of AMSD-DM–β-CD was 
attributed to the stronger complexation as compared to that in β-CD. The stability of 
both the ICs in D2O was evaluated by NMR which showed that the separation between 
the methyl groups decreased from 19 to 8.1 Hz in case of AMSD-DM–β-CD as the 
temperature was raised from room temperature to 90°C whereas the methyl signal 
yielded a single peak at 35°C in AMSD-β-CD IC. Thus, AMSD-DM–β-CD IC is more 
stable compared to inclusion complex comprising AMSD and β-CD. 
Molecular modeling analysis revealed that cumyl ring of AMSD is inside the CD cavity 
in case of both the complexes. Deeper insertion of the allyl group was seen in case of 
AMSD–β-CD IC than AMSD-DM–β-CD IC. It also confirmed that the stoichiometry of 
the IC was 1:1. 
The decrease in chain transfer activity of AFCT agent (AMSD) during free radical 
polymerization has been demonstrated in the chapter 4. The substitution enhances the 
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addition fragmentation efficiency of AFCT agent in a manner similar to that observed in 
case of oligomers. In this chapter, the effect of complexation with β–CD and DM–β–
CD on the chain transfer constant of AMSD during the polymerization of MMA was 
evaluated.  
Inclusion complexation decreases the chain transfer constant and enhances the addition 
fragmentation chain transfer efficiency due to the steric hindrance rendered by the CD 
cavity. The chain transfer constants for AMSD, AMSD–β–CD and AMSD–DM–β–CD 
IC in the polymerization of MMA in N, N’ dimethyl formamide were calculated using 
Mayo’s method. The chain transfer activity of AMSD decreased after complexation.  
The chain transfer constants were in the order AMSD > AMSD–β–CD > AMSD–DM–
β–CD which was due to the limited availability of allylic CH2 for fragmentation after 
complexation. The functionality ‘f’ close to unity was obtained using AMSD-β–CD IC 
which was attributed to the enhanced steric hindrance caused by the β–CD cavity as 
compared to DM–β–CD which increased its fragmentation rate. The enhanced steric 
hindrance in AMSD-β–CD IC was due to the deeper insertion of the allyl group of 
AMSD inside β–CD cavity as compared to DM–β-CD cavity. In the formation of 
terminally unsaturated macromonomers the addition fragmentation chain transfer 
dominated over disproportionation and combination.  
The chapter 5 describes the chain transfer activity of AMSD–DM–β–CD complex in 
aqueous polymerization. For aqueous systems, AFCT agents which yield terminally 
unsaturated macromonomer in a single step are not yet reported. Hence, new water-
soluble AFCT agents need to be developed. Alternatively, solubility of the existing 
AFCT agents in water has to be enhanced. In the earlier chapter, we showed that the 
solubility of AMSD in water is enhanced after complexation with DM–β-CD.  
In chapter 5, we evaluated the use of AMSD-DM–β-CD IC as AFCT agent in the 
synthesis of water-soluble macromonomers (WSM). This approach presents a method 
for the synthesis of terminally unsaturated water-soluble macromonomers which have 
been used in the synthesis of comb copolymers. The advantage of this approach was 
that the macromonomers were synthesized in a single step. The chain transfer constants 
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and functionality ‘f’ for 2-dimethyl aminoethyl methacrylate (DMAEMA), acrylamide 
(AM), N-vinyl pyrrolidone (NVP) and methacrylic acid (MAA) were evaluated using 
Mayo’s method. The chain transfer constant decreased in the order 
DMAEMA>NVP>AM>MAA and was attributed to the relative reactivity of the 
propagating radical with the monomer and the inclusion complex.  
The highest ‘f’ value (1.05) was obtained for Poly(DMAEMA) where captodative effect 
plays an important role in AFCT mechanism. Due to high fragmentation rate of AMSD 
in DMAEMA, very low molecular weight macromonomers having ‘f’ value close to 
unity were obtained. As fragmentation rate increased with temperature; ‘f’ values 
tended to unity at higher temperature for all macromonomers. Thus, by a judicious 
choice of AMSD concentration and temperature, macromonomers having functionality 
close to unity could be obtained. The kinetic analysis of all the macromonomers showed 
that the polymerization takes place in a controlled manner. Poly(NVP) and Poly(AM) 
macromonomers were used to synthesize the graft copolymers with pH sensitive 
monomers such as 4 – vinyl pyridine (4 – VP), DMAEMA and MAA. These 
copolymers exhibited pH dependent slow dissolution as compared to random 
copolymers of identical composition which dissolved instantaneously.  
The inclusion complexes of multivinyl monomers are illustrated in the chapter 6. The 
prior efforts reported in the literature for synthesis of soluble polymers containing free 
unsaturation and their advantages and limitations have been described. The aim of the 
present research work was to control the reactivity of multivinyl monomers via IC 
mediated polymerization. The synthesis of inclusion complexes of methylene bis 
acrylamide (MBAM) and disulfide dimethacrylate (DSDMA) by solvent evaporation / 
precipitation method and characterization by different instrumental methods. The 
inclusion complexation was also validated by molecular modeling simulation is 
illustrated. 
In the FTIR spectrum of MBAM-β-CD IC, OH peak of CD shifted from 3370 cm-1 to 
3303.8 cm-1, MBAM–DMCD IC showed the shift from 3413.8 cm-1 to 3404 cm-1 and 
DSDMA--β-CD IC showed a shift from 3370 cm-1 to 3335cm-1. This indicates the 
disruption of intramolecular hydrogen bonding in native CD (C2-OH group of one 
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glucopyranoside unit forms a hydrogen bond with C3-OH group of adjacent 
glucopyranose unit) due to the insertion of crosslinker inside the CD cavity. NMR data 
reveals complex formation in 1:1 ratio. The amorphous nature of the complex was 
confirmed by XRD which is also reflected in its increased water solubility. The 
molecular modeling data confirms the encapsulation of one of the double bond of the 
crosslinker in the CD cavity and formation of the complex in 1:1 ratio. 
The synthesis of water soluble copolymers containing pendant unsaturation and their 
application sustained / burst delivery of macromolecular drug is demonstrated in the 
chapter 7. The inclusion complexes of the crosslinker were copolymerized to obtain 
water soluble polymers containing pendant unsaturation. This new method allows the 
complete removal of the unreacted crosslinker and monomer from the polymer prior to 
crosslinking.  
Biodegradable nanogels (~ 50 nm diameter) were obtained by crosslinking droplets 
comprising aqueous solutions of Poly(Methylene bis acrylamide–co–N vinyl 
pyrrolidone) i.e. Poly(MBAM–co–NVP) and Poly(Disulfide dimethacrylate-co-NVP) 
i.e. Poly(DSDMA-co-NVP) and fluorescein isothiocyanate conjugated dextran (FITC-
Dx) dispersed in n-hexane. The encapsulation efficiency of FITC-Dx as well as yield of 
the nanogels exceeded 90 % vis a vis values of 84 and 25 % reported in the literature for 
the inverse emulsion technique. FITC-Dx was released from nanogels containing 
DSDMA in presence of dithiothreitol (DTT) as a result of degradation of the disulfide 
link and was a function of crosslinker content and DTT concentration. The 
biodegradable nanogels would find applications for sustained / targeted intracellular 
delivery of macromolecular drugs. 
The chapter 8 concludes and gives recommendations for the further work. 
 
 
 
 
 
 
